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MAMMALS SUCH AS humans and rodents maintain internal temperature via autonomic thermoregulation. For example, although high ambient temperature causes body core temperature to rise, humans are able to dissipate the heat through increases in blood flow and sweating over most of the body surface (16) . On the contrary, skin cooling evokes thermogenesis in brown adipose tissue via the central nervous system, such as hypothalamus (32) . Neuronal activity in the preoptic area in cat brains is known to be modified by a temperature rise of Ͻ1.0°C in the hypothalamus (33) . This study therefore suggested that thermal responses in mammals are strictly regulated and play an important role in homeostatic mechanisms.
High-intensity exposure to radiofrequency electromagnetic fields (RF) generates heat in exposed tissue (3, 15) and organs (17, 43) . Thus this type of exposure has the capacity to affect physiological functions in mammals via heat generation. Whole body exposure to high-intensity RF and temperature rises in skin, colonic, and cortex have been confirmed in several animals (2, 4, 41) . Moreover, changes in several physiological parameters such as heart rate, mean arterial blood pressure, and respiration were observed along with rectal temperature rise in rats exposed to RF (13) . Local exposure to high-intensity RF also generates heat in organs such as the eye (17) and brain (20) , resulting in histological damage to their cells.
In recent years, RF has been used for various purposes such as diagnostic imaging, hyperthermia therapy, and telecommunications. With regard to telecommunications, the recent widespread use of mobile telephones has caused some concern about possible adverse effects on the brain. To provide protection against known adverse health effects, the International Commission on Non-Ionizing Radiation Protection established guidelines (12) . In these guideline, the basic restriction values (averaged over 10 g of tissue for head and trunk) for local exposure to RF (100 kHz to 10 GHz), which includes the frequency used in mobile telephony (0.8 -2 GHz), are 2 W/kg for general public exposure and 10 W/kg for occupational exposure. The restriction value is based on physiological data obtained in rabbits. A local RF exposure at 100 -140 W/kg for 2-3 h produced cataracts in rabbit eyes accompanied by production of lenticular temperatures of 41-43°C (9) . However, little information about the effects of local brain exposure to RF was taken into account.
Further investigations are required to explain the effects of local RF exposure on physiological functions, especially on the brain. Many investigators have been exploring the effects of exposure to low-intensity RF (Ͻ2 W/kg) on the brain, which do not induce hyperthermia in the brain. However, the existence of such effects remains controversial because many investigators (6, 19, 23-25, 27, 28, 39) have failed to confirm published positive effects (1, 11, 37) . In contrast to the investigations using low-intensity RF, it is generally accepted that local brain exposure to RF at high intensity can indeed induce physiological changes in the brain. However, these reports were published in the 1980s (8, 20, 21) , and there have been few additional studies in the last three decades (26, 29, 30, 34) .
Moreover the dosimetry in the previous studies was often lacking.
Therefore, the aim of this study was to explore the effects of local RF exposure on the rat cerebrum and to clarify the intensity-dependent response. We developed specific systems to expose the rat cortex locally with a wide range of exposure intensities. Moreover, using recent methodological development of dosimetry for RF exposure (40), we estimated the exposure level more accurately than in previous studies.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats (8 wk old, Charles Rivers, L'Arbresle, France) were used in this experiment. They were fed a standard pellet diet and given water ad libitum in a room with a 12-h light/dark cycle at a temperature of 22.0 Ϯ 2°C and a relative humidity of 50 Ϯ 10%. All rats had a small cranial window (4-mm diameter) implanted into the left parietal skull 1 wk before the experiment (22) . Since some of the present data (temperature and cerebral blood flow) were obtained in the right hemisphere, and not in the left hemisphere through the cranial window, a detailed explanation about the cranial window method should be published in a separate report. All experimental procedures were conducted in accordance with the French National Center for Scientific Research (CNRS) ethical guidelines for animal experiments.
Definition of the target area. In this study, we defined a target area as the discal area of the rat right parietal cortex tissue including the pia mater (4 mm in diameter, 0.25 mm in depth; Fig. 1) for evaluation of the physiological responses to local RF exposure. The target area is located just under the dura mater and arachnoid, and its center is located 4 mm posterior to the bregma and 4 mm laterally (right) from the midline.
Measurements of physiological parameters. The two physiological parameters, local cerebral blood flow (CBF) and temperature in the three regions (target area, rectum, and calf hypodermis) were simultaneously measured using a Doppler blood flow meter (FLO-C1, OMEGAWAVE, Tokyo, Japan) and optical fiber thermometer (m600, Luxtron, Santa Clara, CA). The rats were anesthetized using an intramuscular injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), and a subcutaneous injection of pentobarbital (12.5 mg/kg). Rats were placed on a warm water-heated pad (42°C) after the head was fixed in the acrylic stereotaxic apparatus. The right parietal skin was locally excised, and the skull of the right hemisphere was exposed. Three independent holes (0.5 mm in diameter) were drilled into the skull just above the target area 1.0 mm apart from each other. Two optical fibers (0.2 mm in diameter) connected to the Doppler blood flow meter and one optical probe (0.5 mm in diameter) connected to the thermometer were independently inserted through the three holes and placed on the dura mater above the target area (Fig.  1A, right hemisphere) . Two other thermometer probes were inserted into the rectum (3 cm from the anus) and the calf hypodermis of the left hindlimb. The above-mentioned probes are all made of nonmetallic material.
The blood flow and temperature signals were recorded at a 1.0-Hz sampling rate through an analog-to-digital converter and time averaged over 1-min intervals. As the Doppler blood flow meter cannot measure the absolute flow value, the blood flow was revealed as the relative value with respect to a reference response, which was induced by an intravenous injection of norepinephrine (1.0 g/kg) via the rat tail vein at the end of the experiment. In our pilot study, we found that this dose of norepinephrine induced a ca. 85% maximal blood flow elevation in the target area of the rat cortex.
Local RF exposure. Local RF exposure of the target area was performed using a figure-eight loop antenna in an anechoic chamber. The rat, fixed in the acrylic stereotaxic apparatus, was placed in the manipulator system fitted with the antenna, which was positioned 4 mm over the midline of the parietal bone (Fig. 1B) . The rat cortex was locally exposed at 1,950 MHz at 10.5, 40.3, 130, and 263 W/kg averaged specific absorption rate (SAR) in the target area (n ϭ 7 in each group). The target averaged SAR (TASAR) was estimated by the FDTD analysis (38, 40) . The weight of target area was 4.04 mg in the FDTD model (249 voxels) because the area was modeled using cubes with 0.25-mm sides and the tissue specific gravity in cortex (1.038 g/ml). The presence of the cranial window implanted in the skull of the left hemisphere was also taken into account in the estimation. The relative values of brain-and whole body-averaged SARs for the targetaveraged SARs were 0.58 and 0.03, respectively (Fig. 1B) . The shamexposed rats (n ϭ 7) were also prepared according to the same system but without RF exposure. Following pre-measurement of physiological parameters for 6 min, RF exposure lasted 18 min. In a pilot study, the duration of measurement including the RF exposure was determined to allow for the detection of reproducible small changes of the parameters under anesthesia.
Skull holes and probes were unlikely to alter significantly the local RF dosimetry of induced currents in the rat brain. The RF electromagnetic fields are not changed significantly when the dimension of the target object is much smaller than the wavelength and when electric constants are low. The RF wavelength was 150 mm in this study, whereas the hole diameter in the skull was Յ1 mm. In addition, all probes were made of non-metallic material (optical fiber).
Data analysis. For each physiological parameter, changes were calculated as the difference between the average of the 1-min premeasurement and the average of each measurement session. Statistical analysis was done using the Mann-Whitney U test to evaluate the difference between sham-exposed and exposed groups, and Spearman's method to evaluate the correlation among physiological parameters. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Basal temperature conditions. At the beginning of local RF exposure, temperatures in all three regions stabilized without any significant difference among the sham-exposed and four exposed groups. The average temperatures for all rats (n ϭ 35) in the target area, rectum, and calf hypodermis were 33.4 Ϯ 0.1°C, 36.9 Ϯ 0.1°C, and 33.9 Ϯ 0.1°C, respectively.
Time course of changes in physiological parameters. To investigate whether local CBF and regional temperatures were A thermometer probe and two flow-meter probes were placed on the target area of the cortex through holes drilled in the skull. B: location of antenna and exposure intensity of radiofrequency (RF). The antenna was placed exactly over the parietal region using a manipulator. In this instance, the averaged specific absorption rate (SAR) in the brain and body were estimated as corresponding to that in target area.
modified by RF exposure, we measured these parameters simultaneously during exposure. Figure 2 shows a typical response to RF exposure at 130 W/kg TASAR. An increase in local CBF appeared 2 min after the start of the exposure period and lasted until the end. The target area temperature rose immediately after the beginning of exposure, whereas the rectal and calf hypodermic temperatures increased only moderately and linearly until the end of exposure.
To evaluate direct heating effects of local RF exposure on rectal and calf hypodermic temperatures, we measured these temperatures in a dead rat whose temperature was equilibrated with ambient temperature without using a water-heated pad. Even at the maximum exposure intensity of 263 W/kg TASAR, the temperature increases in rectum and calf hypodermis after 18-min RF exposure were Ͻ0.2°C. The temperature data from dead rats show that the rectal and calf heating in Fig. 2 were due to blood flow carrying heat from the brain to the body.
Increase in physiological parameters. The increased levels in each parameter in exposed groups were compared with those in the sham-exposed group for exposure periods of 6, 12, and 18 min (Fig. 3 and 4) . In terms of local CBF (Fig. 3) , significant alterations were found only in the higher intensity groups at the beginning of exposure. However, at the end of exposure, the elevation was detected at TASAR as low as 10 W/kg. In terms of regional temperatures (Fig. 4) , the target area temperature rose rapidly and significantly at all exposure levels. However, no significant rise was observed in the rectum and calf hypodermis at 10 W/kg TASAR. Furthermore, there was no significant rise in calf hypodermis temperature except at the highest TASAR level. These findings suggest that local cortex exposure at 10 W/kg TASAR modified the local CBF along with the temperature in the target area but not in the rectum and calf hypodermis.
Intensity dependence of physiological changes. To clarify whether the increase in local CBF and regional temperatures depended on the intensity of RF exposure, we examined their relationship after an 18-min RF exposure (Fig. 5) . The dependence of local CBF elevation on RF intensity was analyzed using a linear regression model (Fig. 5A) : y ϭ 0.21x ϩ 14.5 (R 2 ϭ 0.71), where y and x are the local CBF elevation (% of maximal elevation) and TASAR (W/kg), respectively. Linear regression models were also obtained for the relationships Fig. 3 . Local CBF elevation during local RF exposure. The elevation in each exposed group was compared with that in the sham-exposed group (0 W/kg) for exposure durations of 6, 12, and 18 min. Values are means Ϯ SE (n ϭ 7 each group). Significant difference compared with the sham-exposed group: *P Ͻ 0.05; **P Ͻ 0.01. Fig. 4 . Regional temperature rise during local RF exposure. Three regional temperatures in the target area of the cortex (A), rectum (B), and calf hypodermis (C) were simultaneously measured. The temperature rise in each exposed group was compared with that in the sham-exposed group (0 W/kg) for exposure durations of 6, 12, and 18 min. Values are means Ϯ SE (n ϭ 7 each group). Significant difference compared with the sham-exposed group: *P Ͻ 0.05; **P Ͻ 0.01. between regional temperature rise and RF intensity (Fig. 5, B  and C) . Equations for target area and rectal temperature rises were y ϭ 0.048x ϩ 0.32 (R 2 ϭ 0.99) and y ϭ 0.006x ϩ 0.17 (R 2 ϭ 0.89), respectively, where x is the TASAR (W/kg). However, no linear relationship was found between calf hypodermis temperature and RF intensity. These findings suggest that local CBF and temperature in the target area and rectum depend heavily on the intensity of RF exposure that we used in this study.
Time courses of physiological changes. To compare the time courses of physiological changes, local CBF, and temperature in the target area and rectum, we evaluated when the changes caused by RF exposure first occurred and the average effect within each time period (Fig. 6 ). For the local CBF (n ϭ 7, each group), the initiation period depended on the intensity of RF exposure (Fig. 6A) . For example, 7 min of RF exposure were sufficient to elicit an 8% local CBF elevation at the lowest TASAR (10.5 W/kg), whereas 3 min were needed at the highest TASAR (263 W/kg). In addition, the contour lines (Fig. 6 ) indicate a dependency on exposure time to RF. Both intensity and time dependency in regional temperature rises ( Fig. 6B ; n ϭ 7, each group) were similar to that of local CBF elevation. However, the initiation period for the target area temperature rise was much shorter than that for the rectal one. Figure 6C shows the correlation during the initiation periods between local CBF and regional temperature. Local CBF elevations of Ͻ8% were elicited before the rectal temperature elevation reached 0.1°C. However, when the rectal temperature elevation exceeded 0.5°C, the local CBF elevation reached 40%.
Correlation between local CBF and temperature. Local CBF and regional temperature increased linearly with the intensity of RF exposure. Significant correlations were found for the target area temperature (P Ͻ 0.01; R 2 ϭ 0.72) and rectal temperature (P Ͻ 0.01; R 2 ϭ 0.61) with the local CBF after an 18-min RF exposure.
DISCUSSION
This study presents three main findings on local RF exposure with a wide range of exposure intensity: 1) reproducible changes in local CBF and target area temperature were observed at TASAR as low as 10 W/kg; 2) the increase in these parameters depended linearly on TASAR; 3) there was a significant correlation between local CBF and target area temperature elevations. These findings suggest that local RF exposure of the rat cortex drives a regulation of CBF accompanied by a local temperature elevation.
Specific experimental conditions were set up in this study to focus on local physiological changes caused by local RF exposure of the cortex. First, we improved the localization of RF exposure of the cortex using a figure-eight loop antenna. The exposure intensity in the cortex target area was estimated to be 33 times greater than that in the animal's body as a whole. This made it possible to keep the exposure of the entire rat body at a low level. The low-level RF exposure of the body caused a very small temperature increase (Ͻ0.2°C) in the rectum and calf hypodermis, which was observed using the dead rat exposed to RF at maximum intensity (263 W/kg). Temperature rise in the skin is known to be a direct consequence of whole body RF exposure (3, 14) . It is thus likely that physiological responses in this study were obtained in the near absence of direct heating of the body, including heat generation at the body surface.
Second, temperature stabilization in each measured region was achieved under sham-exposed conditions. In physiological experiments using rodents, rectal temperature is maintained at 37°C using a feedback-regulated heating pad. However, this temperature regulation was unsuitable in our study, because RF-related temperature changes would be compensated by it. The present experimental conditions were found after evaluation of several factors such as water-heated pad shape and steady temperature, anesthesia type, and experiment duration. As shown in Fig. 4 , the mean temperature increase from the initial rectal temperature (36.9 Ϯ 0.1°C) was Ͻ0.25°C over the 18-min period of sham exposure but did not prevent us from detecting the small changes in temperature and CBF between exposed groups and sham-exposed group during local RF exposure.
In this study, local CBF increase was clearly caused by local RF exposure. Only a few previous studies have demonstrated a similar response of local CBF (29, 34, 35) . In a study performed at 2.45 GHz in rats (34) and monkeys (29) , an interstitial antenna was inserted into the cerebrum, and there was an elevation of the CBF in the cortex tissues adjacent to the antenna. Other investigators, using a noninvasive type of antenna, also found a CBF elevation during exposure at 2.8 GHz in the rat (35) . However, these investigators did not document the localization of exposure nor the SAR in the cortex. Our findings complement the results of these previous studies. RF exposure of the target area using a noninvasive antenna caused an elevation of the local CBF. Furthermore, our results revealed that the local CBF elevation depended linearly on TASAR and also on exposure duration. These findings suggest that the local CBF elevation induced by local RF exposure is dependent on both the SAR in the cortex and the exposure time, if ambient conditions are appropriately controlled. This study showed that local RF exposure generated heat in the local cortex tissue. A few previous studies have shown temperature elevation in the cortex during local brain RF exposure (21, 29, 30, 34) , whereas most other studies found this during whole body RF exposure (41) (42) (43) . Moreover, the Lin group was the only one that estimated the local exposure RF intensity and showed that the temperature rise in the cortex depended on the brain-averaged SAR in the 1.3-260 W/kg range (20, 21) .
Our data extend their findings in two respects. First, we evaluated the contribution of whole body RF exposure to the cortex temperature rise. We assessed the WBSAR-to-TASAR ratio as mentioned above (1/33), whereas the Lin group did not. Although the rectal temperature rose during 18-min RF exposure, the maximum temperature rise in the rectum at the end of exposure was less than one-seventh that of that in the target area, even at 263 W/kg of TASAR (Fig. 4, A and B) . In addition, the temperature rise in the rectum always lagged behind that in the target area (Fig. 6B) . Moreover, small temperature increases (Ͻ0.2°C) were found in the rectum and calf hypodermis in the dead rat experiment, which had no systemic blood flow. Therefore, the heat generated in rat bodies by local RF exposure is unlikely to be delivered to the cortex region. On the contrary, our findings suggest that the source of heat generation is localized in the exposed cortex and in its vicinity, but not in the body, especially at low level exposure. Second, the relationship between the SAR and the target temperature rise was examined. We found a good linearity in the relationship (Fig. 5B) . The averaged SAR in the brain for TASAR in the 10.5-263 W/kg range were 6.14 -153 W/kg, respectively. This SAR range is similar to that used by the Lin group, who also found a SAR-dependent temperature rise. Therefore, our results suggest that the heat in the exposed cortex tissue is generated linearly with the SAR.
Local CBF has a relevance to local temperature in the cerebrum (18, 29, 34) . Moriyama et al. studied this relationship using an interstitial antenna and found that local CBF elevation depended on the temperature rise in the cortex in the 36 -46°C range in monkeys (29) . Although only a few studies confirmed this phenomenon, our data, obtained using a noninvasive antenna, support their findings. A significant correlation between local CBF elevation and target temperature elevation was found, similar to that observed by Moriyama et al. In our study, the initial target temperature was 33.4 Ϯ 0.1°C, and thus the local CBF rose as a function of the temperature of the cortex in the 33-50°C range. On the other hand, only a few studies have reported that the CBF also decreased following a temperature rise in the cerebrum (29, 34) . This discrepancy may be explained in terms of exposure duration and final temperature since, in these studies, the gradual decline in CBF was mainly observed in the cerebrum heated above 43°C, especially exposures lasting Ն20 min, whereas we evaluated the effects for 18 min. In the cerebrum heated under similar conditions, neuronal cell damage (34) and blood-brain barrier disruption (8) occur, suggesting that this decrease in CBF can be attributed to brain injury. Therefore, local CBF elevation correlates with temperature rise in the local cortex region, but only under physiological conditions, in the absence of cell damage.
There remains a possibility that the local RF exposure used in this study modifies local CBF via other biological mechanisms unrelated to thermal response. A significant correlation was found between local CBF and target temperature increases in this study. We also noticed that a local temperature increase in the rat cortex, when heated using a soldering iron, caused an elevation of the local CBF (data not shown). Other investigators have also found that the controlled temperature in cortex modified the CBF (29, 34) . Therefore, our findings strongly suggest a temperature dependency on local CBF. However, the correlation may not establish causality between these two factors. In particular, the factor that we controlled was the intensity of RF exposure and not the regional temperature. Thus further studies are required to clarify the mechanisms of local CBF elevation during local RF exposure. Local brain cooling to abolish heat generation during RF exposure would be a potential solution for discrimination of nonthermal effects from thermal effects of RF exposure. However, this is technically difficult in in vivo study under local and high-intensity exposure conditions.
If increases in local CBF results from increased temperature elicited by local RF exposure, the initiation of CBF increase may be caused by local thermoregulation in the cortex tissue in the early part of RF exposure. In this study, local CBF elevation was correlated with temperature elevation in the rectum as well as in the target area. However, both increases in local CBF and target temperature were observed despite the absence of rectal temperature increase at the end of RF exposure at 10.5 W/kg TASAR. In addition, the local CBF increased notably before the rectal temperature increased by Ͼ0.1°C. Furthermore, a rapid decrease in local CBF was found to be accompanied by a decrease in the target temperature after RF exposure, whereas the rectal temperature remained constant (Fig. 2) . These findings provided a partial explanation of local CBF response to local RF exposure. 1) Local cortex RF exposure induces a local temperature rise in the cortex without an increase in body temperature. This local temperature rise modifies local thermoregulation, which includes local CBF elevation, to reduce the heat.
2) The heat in the local cortex tissue reaches the deep brain and body via blood circulation. This heat affects other thermoregulation systems that are involved in systemic blood flow elevation.
3) The local CBF elevation is accelerated by the systemic blood flow, either additionally or synergistically.
Several existing thermoregulation systems may contribute to local CBF regulation. Autoregulated microcirculation is a thermoregulatory system for tissues. For example, in the skin, changes in temperature affect the tonus of arteriole venous anastomosis, resulting in changes in local skin blood flow (5, 10) . Similar arteriole venous anastomoses were also identified in the brain microvascular bed (7) . Therefore, temperature rise in the local cortex may regulate local CBF via autoregulation. On the other hand, thermoreceptive mechanisms are known to be included in thermoregulatory systems in the whole body. These mechanisms are located in the deep brain, spinal cord, and abdomen (31) , and are modulated by local temperature in these regions (33, 36) . Colonic temperature rise in rats exposed to RF is accompanied by changes in cardiovascular parameters such as heart rate and mean arterial blood pressure. Obviously, other physiological parameters such as blood pressure, PCO 2 , and systemic blood flow should be monitored along with the local CBF to further elucidate our hypothesis. However, the high-intensity RF exposure that was used in this study made it difficult because of interference with bioinstruments. Thus an improvement in our experimental setup is required to reach that goal.
Our findings will help to analyze the physiological effects caused by local RF exposure and to make a health risk assessment. However, there are still several remaining challenges. For example, the RF intensity threshold for adversely affecting physiological functions was not determined in this study. We obtained linear relationships between exposure intensity and local CBF. However, it is difficult to tell whether the local CBF elevation we found exceeded the physiological range, thereby causing adverse effects. Further investigations of potential physiological dysfunctions are required under acute or long-term exposure conditions.
Moreover, extrapolation of the present data to the human brain is a considerable challenge. This study focused on cortex tissue in rats, not in humans. Besides, the intensity of local RF exposure in this study was estimated for 4.04 mg of rat cortex tissue, whereas the basic restriction value for local exposure to RF in the ICNIRP guidelines is 2 W/kg (general public exposure) or 10 W/kg (occupational exposure) for 10 g of human brain tissue. Distribution of SAR and heat conduction during local RF exposure varies between rats and humans because of differences in body sizes and shapes. For example, the temperature rise or heat conduction we found in rats is unlikely to be observed in humans. However, the correlation between local CBF regulation and local temperature changes, which was found in the rat cortex, might also be observed in small regions of the human cortex.
In conclusion, we investigated the effects of local exposure to 2-GHz RF on the rat cortex and clarified its SAR-dependent response. The intensity-dependent increases were found in the local CBF, and regional temperatures in the target area and rectum showed thermal effects of RF exposure on the cortex. Furthermore, local CBF elevation was significantly correlated with both temperature rise in the target and rectum after 18-min exposures. The local CBF elevation seemed to be elevated by the target temperature rise, but not by the rectal temperature rise, in the early part of RF exposure. These findings suggest that local RF exposure to rat cortex regions drives a regulation of CBF accompanied by a local temperature elevation under the present exposure conditions. Despite the large differences between humans and rats in terms of size and physiology, our findings may be helpful for discussing physiological changes in the human cortex locally exposed to RF.
